Biological systems are subjected to moderate to high strain rates in blast-type traumatic injuries. An improved understanding of how cells and tissues respond to extreme mechanical stresses could improve mitigation and post-injury treatment strategies. A key aim of our research is to create biologically meaningful injury models of soft tissues. Here we examine the material and cellular properties of freshly harvested porcine skin in compression. Comparative histopathology and analytical modelling suggests that fresh skin differentially responds low to moderate strains rates as a composite rather than that of a homogeneous polymer. The implications of this work are discussed in terms of creating improved analytical models to describe the material behavior of fresh skin.
Introduction
Blast injury is a common type of injury in modern military combat. [1] [2] [3] Treatment of the wounds in survivors represents a huge clinical challenge. In blast exposure, pressure pulses and strain rate deformation of hard and soft tissues result in injuries and tissue dysfunction uncommon away from the battlefield. 4 Key contributors to the generation of blast injury include the overpressure of the blast wave in conjunction with its duration (impulse), the environment in which the explosion occurs (free field versus confined space), and the proximity of the target to the explosion. 5 The levels of force and acceleration experienced in blast injury can be considerable. A stimulus of the duration of 400 ms with a peak pressure of 600 psi has been estimated to cause 99% lethality for mammals of 70 kg weight. 6 In a more recent analysis of data from more than 2550 large animal blast experiments, new blast injury thresholds for short duration blasts (< 30 ms) have been defined to be of 1-2 MPa peak pressures. 7 Understanding the effects of high strain rates on the material and functional properties of tissues, at lethal and sub-lethal blast conditions, is an important aspect for elucidating the mechanisms associated with damage and repair of wounds from high energy trauma.
Nearly every combat injury involves injury to the skin, generating large amounts of scar tissue in deep skin injuries. 8 Mammalian skin is a complex, biological material comprised of several layers including an outmost epidermis and a multilayered epithelium. 9 It functions as a protective barrier for underlying structures. A complex cascade of events is triggered when the integrity of skin is compromised, including hemostasis (cessation of bleeding), inflammation, and wound healing. These events are triggered via mechanisms that can involve both restoration of the epithelium and contracture (which can result in restriction of movement). 10 The sometimes necessarilylong duration of treatment for blast injury can lead to poor physiologic and economic outcomes. Specifically, the prolonged break in the continuity of skin, which can arise from many blast injuries, presents a potential portal for infection and can also result in the desiccation of underlying structures. 11 There is a limited understanding of the material responses of fresh skin as a multi-layered system, particularly at high strains (<1000 s -1 ). Development of improved material and biological models of the response of fresh skin to traumatic injury has ice | science ICE Publishing: All rights reserved great potential to enhance research efforts aimed at mitigating wound damage in combat settings and creating new strategies for improving clinical outcomes of damaged tissues including skin. In this context, we present material and histological data of freshly harvested porcine skin characterized a wide range of strain rates (from 10 -3 to 10 0 ). We relate structural changes observed in optical imaging of skin to its material responses. In addition our data that suggest that treating fresh skin as a homogeneous visco-elastic polymer is insufficient to model its material responses, particularly at higher strain rates. We discuss the implications of our observations and the need for improved models that account for the multilayer properties of skin.
Methods
Tissue Extraction: Skin samples were obtained from six to eight week old piglets sacrificed by intravenous administration of sodium pentobarbitone. A 6400 mm 2 section of skin was excised from the rump of the animal. An 8 mm diameter biopsy punch was used to isolate full-thickness, circular discs of tissue. The discs were placed in Phosphate Buffered Saline (PBS) solution on ice (4 °C) for the purposes of transport. Prior to testing, the discs were removed from the PBS solution and relevant dimensions (diameter, thickness and weight) were measured. All samples were tested within 10 h of extraction.
Instron Testing: An Instron 5566 frame fitted with a 2 kN load cell was used to measure the quasi-static response of all biological samples under study. The faces of the load cell and anvil were pre-lubricated and the dried tissue discs were placed unconstrained on the anvil such that the epidermal layer was uppermost. A 'Generic Compression' programme was run which moved the cross-head at a fixed rate until a pre-determined endpoint which corresponded to a sample strain of approximately 0.8. Utilizing this methodology it was possible to test biological samples at strain rates between 10 -3 s -1 and 10 0 s -1 . As a comparison, polyurethane-20 (PU-20; Smooth-on, Inc.) circular discs of similar dimensions to tissue samples were cast and cut using the same 8 mm diameter biopsy punch Histology: Compressed and uncompressed (control) tissue samples were fixed in 4% buffered formalin and then prepared for histological analysis. Paraffin wax-embedded sections were cut at a thickness of 4 mm and stained; Haemotoxylin and Eosin stain were used to evaluate changes in cell and tissue morphology and Masson's Trichrome stain was used to highlight changes to the collagen substructure. Optical data were obtained using a Nikon Eclipse E400 microscope and a JVC camera.
Material Testing of Porcine Skin Figure 1 . Material response of porcine rump skin samples at varying strain rates. Each line indicates the result of a single sample test, with each colour corresponding to a particular strain rate. The samples tested were excised form a total of three animals and whilst variability between animals and samples can be observed, a trend indicative of strain rate hardening.
The dynamic material response of porcine rump skin samples were investigated over a range of strain rates covering four orders of magnitude (10 -3 s -1 to 10 0 s -1 ). As can be seen in Figure 1 , biological samples exhibit variability both sample-to-sample and between animals. However, despite this caveat, strain rate dependent behaviour can be observed indicating hardening of the material at higher strain rates. The extent to which a potential model takes this strain rate effect into account will be the principle determinant of its accuracy.
Histological Analysis
To analyse the effect of material testing on the underlying structure of the skin, tested samples were chemically fixed before being stained with dyes commonly used as part of veterinary pathology. An untested sample stained with Haematoxylin and Eosin (H&E) is shown in Figure 2 . H&E is the 'gold standard' histo-pathological stain which permits visualisation of the tissue structure as a whole, but does not highlight collagen molecules in particular. Porcine skin is a layered structure comprising four general divisions above an underlying layer of subcutaneous fat. Outermost lies keratin, followed by epidermis, papillary dermis and reticular dermis, respectively. While the dermis as a whole is rich in collagen, the density of the collagen fibres present increases with depth. Comparative histological analysis was performed on untested, 'sham' samples and those subjected to mechanical testing, as shown in Figure 3 . Changes on the order of tens to hundreds of nanometres were made visible by H&E staining. At this scale, compressive testing causes the formation of linear voids perpendicular to direction of testing. However, to correlate these changes with alterations at the molecular scale requires the use of other stains, including Masson's trichrome.
Masson's trichrome is a three-part stain comprised of three dyes each of a different molecular weight. The higher molecular weight dyes are capable of displacing the lighter species. The stain, as a whole, therefore, indicates the relative size of any pores present in the sample. In the case of mechanical testing, the lowest weight dye, which produces orange coloration, permeates further into tested samples than negative controls. This suggests that alterations occur on the molecular scale, at the level of collagen molecules, in tandem with those observable in H&E stained sections.
Analytical modelling of skin and polymers
Previously, porcine skin has been treated as a polymer, when analytically describing its mechanical behaviour. For example, number of models have been used to describe the strain rate sensitivity of the material, such as Ogden 12-14 and other approaches. 15 , 16 Shergold et al.
summarise a lot of the previous work conducted on skin characterisation. 11 Most research in this area, such as Shergold et al.,
acknowledges the layered nature of skin. However, the study proceeded to capture the mechanical deformation of porcine skin well using homogenised approximations for the material, modelling skin essentially as an isotropic polymer.
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It is well known that skin, like any biological material, once removed from its host will begin to degrade. Skin requires specific procedures to maintain freshly harvested tissue near "live" condition prior to testing. In the results presented here, advances in techniques of preparation of biological samples have allowed more detailed rate sensitivities to be observed in the tissue samples. This section will present compressive test data for two sets of material, skin and polyurethane, a material previously described as having intrinsic good mechanical properties that mimic soft tissue 18 and references therein . We use van der Waals' hyper-elastic potential in conjunction with a Prony series to describe the nonlinear viscoelastic behaviour of these materials.
The resulting compressive stress-strain responses of the polymers and skin are shown in Figure 4 The graphs showed that PU-20 is a hyper-elastic material and can be represented using the following analytical model. The material's constitutive response under step strain relaxation is both strain and time dependent, where σ is the true stress at a true strain ε and time t:
(1)
The strain-dependent function can be non-linear elastic through a hyper-elastic potential. In this work, the van der Waals hyper-elastic potential is used, 18 which has the following material parameters: a shear modulus, ψ, and dimensionless constants, λ m , the locking-stretch ratio, and a, the global interaction parameter. The time-dependent function is represented by the Prony series:
Where g ∞ and g i are dimensionless constants and g ∞ + Σg i = 1. The σ 0 (ε) term represents the instantaneous stress-strain relationship i.e. at t = 0, whilst g ∞ σ 0 (ε) is the long-term stress-strain relationship, i.e. at t = ∞. The stress for an arbitrary strain history can be expressed in In the case of porcine skin, the model is able to capture sample behaviour well at lower strain rates, however, at strain rates approaching 10 0 , the model and empirical results diverge. The model is superior at capturing the behaviour of polyurethane, though this material exhibits far less strain rate sensitivity.
the Leaderman form of a convolution integral, 19 which can then be split into a long term elastic and a viscoelastic contribution, resulting in an expression for stress which is expressed solely in terms of t as shown in Equation 3 . If the convolution integral does not have a closed form then the integral can be solved using an algorithm based on finite increments of time. 18 The van der Waals hyper-elastic potential material constants were determined as were the Prony series constants, with their associated relaxation times in subscript and the resultant curves presented in Figure 4 .
It is apparent from Figure 4 (b) that the polymer behavior is captured by this analytical model. One can argue that other simpler models are also suitable for such a polymer. This model was, however, chosen due to its added complexity compared to other material models often chosen in biological tissue modelling. It is clear that although the polymer behavior is adequately enveloped by this form of nonlinear viscoelastic representation, the skin data is not. Initial observations indicate there are significantly greater viscous effects in the biological tissue compared to PU-20. Over a range of three or four orders of magnitude in strain rate the skin data, from 10 -3 s -1 upwards, the modulus increases four-to five-fold. As the strain rate increases from 10 -3 s -1 to 10 3 s -1
, a significant strain hardening is observed for the skin samples. This transition cannot adequately be captured using these forms of analytical models.
The reasons for such transitions are suggested by the histology. For the very low strain rates, the deformation is uniform throughout the entire thickness of the dermis layer. The dermis is where the bulk of the damage was observed relative to the tougher epidermal layers. For the very low strain rates, the skin behavior could be captured adequately by the van der Waals' formulation of non-linear viscoelasticity. However, as the strain rate increased, there is a transition in the mode of deformation. Gaps in the dermis were observed in the histological images (Figure 3 ), most likely arising from disruption of the extracellular matrix proteins such as collagen I. Where there is a transition in deformation or damage mode, there is a need for a new model to describe that behavior. This is why there is a shortcoming at the higher rates, as damage is not uniform and the mode of tissue damage and deformation appears to alter. This leads to significant deviations in the analytical model relative to the experimental data observed in the 10 0 s -1 curves in Figure 4 (a).
Furthermore, viscoelasticity is generally approached with these analytical forms for small strains. The strains dealt with in blast conditions are large. New approaches that have recently been combined by Del Linz 20 from various authors [21] [22] [23] [24] [25] [26] have allowed for large strain non-linear viscoelasticity to be more accurately described for polymers. This approach is a step forward in addressing the issues faced here. However there still remains the question of homogeneity. Skin is clearly layered, non-homogeneous composite. Even within a given layer of material, gradients exist, which lead to non-uniform collapse and tearing. The deformations are not elastic. There is permanent deformation of the tissue at various time points during the loading cycle. This contributes to sharp changes in the σ-ε behavior, which are repeatable. A major assumption based within these models is that volume is conserved, but in soft biological materials volume conservation cannot be guaranteed. Therefore it is understandable that these forms of analytical models are not appropriate for representing live or near live tissue. However, averaged approximations of bulk properties can be sufficient depending upon the Figure 5 . Schematic graph of other material model types, which could be hybridized for skin model applications.
application. The constituent materials within these biological tissues may be described individually using some of these viscoelastic formulations. However the interaction of these materials, in a composite format, is what is required to sensibly and accurately capture the deformation from a bio-mechanical perspective. Figure 5 shows a schematic of other material model types for compression. Aspects of each may be required to capture a different deformation mechanism. For example: micro-buckling of collagen bundles within the extracellular matrix could be captured with a plateau often found in foam structures; the alignment of collagen fibers could be captured a number of ways within viscoelastic/plastic frameworks or densification in porous media. This approach towards a structural or system model over a pure material model seems the most appropriate.
Conclusion
In this study we have obtained comparative stress-strain curves of fresh skin and a tissue-like polymer using a range of strain rates that yield modest to substantial damage and deformation. A key area of interest for us is to develop material models of soft tissues that are representative of damage processes that can occur in trauma such as blast injury. The data presented here indicates that freshly harvested skin responds as a heterogeneous layered composite material under low to moderate levels of compression. This response is consistent with histopathological images that show non-uniform damage throughout the different layers of skin samples. Comparative modelling of the material behaviour of skin and a tissue-like polymer PU-20 was attempted using a conventional non-linear viscoelastic formulation. The model was able to represent the material properties of PU-20 but was limited in its ability to model fresh skin over the entire range of strains and strain rates applied in these studies. This observation highlights the need to develop more advanced models of soft heterogenous materials, particularly for applications related to understand how soft tissues respond to traumatic injury conditions.
